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Changes in food reward have been implicated in exercise-induced compensatory eating behaviour. However, the underlying
mechanisms of food reward, and the physiological correlates of exercise-induced changes in food reward, are unknown.Methods.
Forty-six overweight and obese individuals completed 12 weeks of aerobic exercise. Body composition, food intake, and fasting
metabolic-related hormones were measured at baseline, week six, and postintervention. On separate days, the reward value of
high-and-low-fat food (explicit liking and implicit wanting) was also assessed at baseline, week six, and postintervention. Results.
Following the intervention, FM, FFM, and VO
2peak improved significantly, while fasting leptin decreased. However, food intake or
reward did not change significantly. Cross-sectional analyses indicated that FM (𝑃 = 0.022) and FFM (𝑃 = 0.046) were associated
with explicit liking for high-fat food, but implicit wanting was associated with FM only (𝑃 = 0.005). Fasting leptin was associated
with liking (𝑃 = 0.023) and wanting (𝑃 = 0.021) for high-fat food. Furthermore, a greater exercise-induced decline in fasting leptin
was associated with increased liking (𝑃 = 0.018). Conclusion.These data indicate that food reward has a number of physiological
correlates. In particular, fasting leptin appears to play an active role in mediating food reward during exercise-induced weight loss.
1. Introduction
Day-to-day food intake involves the coordination of both
homeostatic and nonhomeostatic signals in the overall
expression of eating behaviour [1]. Homeostatic feeding is
often described through a series of physiological processes
that initiate and terminate feeding (i.e., satiation) and sup-
press intermeal hunger (i.e., satiety) [2].This pattern of eating
is thought to be driven by tonic and episodic inhibitory
signals (arising from adipose tissue and the gastrointestinal
tract) that modulate an intrinsic excitatory drive to eat [3].
However, extrinsic determinants of eating behaviour such
as food palatability and hedonic reward, linked closely to
perceived fat and energy content of food, interact with these
homeostatic mechanisms with the potential to enhance or
undermine appetite control [4]. Recent attention has started
to focus on the hedonic determinants of eating behaviour
and has highlighted the importance of distinguishing liking
(i.e., the perceived pleasurable sensory properties of food)
from wanting (i.e., the attraction towards a specific food over
available alternatives) [5, 6]. Both components of food reward
are thought to act in parallel to facilitate eating behaviour [7].
Indeed, heightened liking and wanting for food have been
noted in overweight and obese individuals [8] and those who
demonstrate binge eating [9].
Changes in food reward may also play a role in com-
pensatory eating behaviour following exercise [10–12]. For
example, following 50 minutes of cycling, lean women who
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overconsumed relative to the energy cost of exercise exhibited
increased wanting for food compared to those who did not
exhibit postexercise compensatory eating [10]. Furthermore,
overweight and obese individuals who exhibited an imme-
diate postexercise increase in explicit liking and wanting
for food (particularly, high fat sweet foods) demonstrated
smaller fat mass losses following a program of aerobic
exercise training [11]. However, while these findings suggest
that exercise-induced changes in food reward influence
compensatory eating behaviour, the physiological processes
that influence food reward are not well understood. Given
that appetite control is a psychobiological process [13], it is
plausible that a prolonged and potent metabolic stimulus
such as aerobic exercise training would be reflected in an
increased motivational drive for high energy yielding foods.
However, whether adaptive changes in metabolism influence
food reward during chronic exercise training has yet to be
examined. Therefore, this study aimed to examine whether
exercise-induced changes in body composition or metabolic-
related hormones influenced food reward in overweight and
obese individuals during 12 weeks of aerobic exercise.
2. Materials and Methods
2.1. Participants. Forty-six overweight and obese individ-
uals participated in the present study (30 females, BMI
= 30.8 ± 3.5 kg/m2; 16 males, BMI = 30.5 ± 4.7 kg/m2).
Participants were recruited from the University of Leeds,
UK, and surrounding areas using poster advertisements
and recruitment emails. Participants were initially physi-
cally inactive (≤2 hrs.wk−1 of exercise over the previous six
months), weight stable (±2 kg for the previous threemonths),
nonsmokers, and not taking medication known to effect
metabolism or appetite. At baseline mean dietary restraint
and disinhibition scores, as measured using theThree-Factor
Eating Questionnaire [14], were 7.21 ± 0.55 and 8.10 ± 0.50,
respectively, which are within the normal ranges for healthy
adults [15]. The study was conducted in accordance with the
Declaration of Helsinki (1964), and all participants provided
written informed consent before taking part. In addition,
ethical approval was granted by the Institute of Psychological
Science’s Ethics Board, University of Leeds, and the Leeds
West NHS Research Ethics Committee (09/H1307/7).
2.2. Study Design. Participants completed a 12-week
supervised aerobic exercise program designed to expend
2500 kcal.wk−1. Body composition, food intake, and fasting
metabolic-related hormones (glucose, insulin, and leptin)
were measured at baseline, week six, and postintervention.
In addition, explicit liking and implicit wanting for a
standardised array of high fat and low fat foods were assessed
before a fixed-energy meal, at baseline, week six, and
postintervention, using a validated computer based task, for
example, the Leeds Food Preference Questionnaire [7].
2.3. Exercise Protocol. Participants completed a 12-week aer-
obic exercise program in which they exercised five days
per week, expending 500 kcal per session at 70% of age-
predicted maximum heart rate. All exercise sessions were
supervised in the research laboratory, and participants could
choose from a range of exercise modes (running, cycling,
rowing, or stepping). Individual exercise prescriptions were
calculated using standard stoichiometric equations [16],
based on the relationship between heart rate and VO
2
/VCO
2
during a maximal incremental treadmill test. To account for
changes in cardiovascular fitness during the intervention,
the incremental test was performed at baseline, week six,
and postintervention, with the exercise prescription adjusted
accordingly. To verify and record the duration and intensity
of exercise, participants wore a heart rate monitor during
each session (Polar RS400, Polar, Kempele, Finland). Total
exercise-induced energy expenditure during the intervention
was 27960 ± 3479 kcal, which represented >98% of the
prescribed exercise-induced energy expenditure.
2.4. PhysiologicalMeasures. At baseline, week six, and postin-
tervention, venous blood, body composition, and maximal
aerobic capacity were measured in the morning (7–9am)
following an overnight fast (10–12 hrs). Baseline measures
were taken prior to the start of the intervention, while
postintervention measures were taken upon completion of
the exercise intervention (a minimum of 48 hrs after the
final exercise bout and within one week of finishing the
intervention). Body composition was measured using air-
displacement plethysmography (BOD POD Body Composi-
tion System, Life Measurement, Inc., Concord, USA). After
voiding, participants were weighed (to the nearest 0.01 kg)
and instructed to sit in the BOD POD. Measurements were
taken according tomanufacturers’ instructions, with thoracic
gas volumes estimated using the manufacturer’s software.
In addition, the fat mass index (FMI; fat mass/height2)
and the fat-free mass index (FFMI; fat-free mass/height2)
were calculated from these body composition data. Maximal
aerobic capacity (VO
2peak) was determined using a validated
maximal incremental treadmill test [17], with expired air
(Sensormedics Vmax29, Yorba Linda, USA) and heart rate
(Polar RS400, Polar, Kempele, Finland) measured continu-
ously. The respiratory and heart rate data from this test were
also used to calculate the exercise prescriptions used in the
exercise intervention.
2.5. Metabolic- and Appetite-Related Hormones. Fasting glu-
cose, insulin, and leptin were measured at baseline, week six,
and postintervention in a subsample of 32 participants who
completed the exercise intervention. Fasting venous blood
samples were collected into EDTA-containing Monovette
tubes. After collection, blood samples were centrifuged for
10min at 4∘C at 3500 rpm andwere immediately pipetted into
Eppendorf tubes and stored at −80∘C until analysis. Insulin
and leptin were analysed using a magnetic bead based multi-
ples kit (Millipore, Billerica,MA,USA). Furthermore, insulin
resistance was calculated using the homeostatic model of
assessment (HOMA) [18].
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2.6. Assessment of Food Reward and Food Intake. A
laboratory-based test meal protocol was used to measure
food intake at baseline, week six, and postintervention.
At each time point, participants consumed test meals at
4-hour intervals. No exercise was performed on these days.
A detailed description of the foods provided can be found
elsewhere [19]. Meals consisted of an individualised energy
breakfast (ad libitum at baseline and then fixed at baseline
levels for the remainder of intervention), a fixed-energy
lunch (800 kcal), and an ad libitum dinner meal. After the
dinner meal, participants were free to leave the research
unit but were given an ad libitum snack box of foods to
consume if desired during the evening. All meals consumed
in the research unit were eaten in isolation, with participants
instructed to eat as much or as little as they wanted until
comfortably full (during ad libitummeal consumption).
Prior to the lunch test meal, food reward was assessed
using the Leeds Food Preference Questionnaire (LFPQ; [7]).
The LFPQ measured liking and wanting for foods according
to differences in fat content (i.e., >50% or <20% energy from
fat). Each food category was represented by 8 photographs
of ready-to-eat foods that were matched for familiarity, taste,
protein, and acceptability. Firstly, to measure “implicit want-
ing” a forced-choice paradigmwas used inwhich participants
were presented with two foods from different categories and
were required to press a key as quickly as possible to indicate
which food “they most want to eat at that moment.” This was
repeated until all food photograph pairs had been presented.
Following Dalton et al. [20], the parameters were set as 96
randomised food pair trials presented in three blocks, with
each stimulus appearing 8 times. Stimuli were presented until
a valid response was detected up to a maximum of 4000ms
with a 500ms washout between presentations in which a
central fixation cross was displayed. Mean response times for
choices outside of each food category, adjusted for choice
frequency, were subtracted from response times for choices
towards each category, adjusted for frequency. Therefore
positive scores for a specific category indicated a more rapid
preference (i.e., “implicit wanting”). Secondly, to measure
explicit liking, the food images were presented individually
in randomised order, and the participant rated the extent to
which they liked each food image presented to them using
a 100 mm visual analogue scale; for example, how pleasant
would it be to taste this food now? Mean scores for high fat
and low fat food categories were calculated. The LFPQ has
been shown to demonstrate reliable immediate postexercise
and postmeal changes [21] and is a good predictor of food
choice and intake in laboratory and community settings [22,
23].
2.7. Statistical Analysis. Data are reported as mean ± SEM
throughout. Statistical analyses were performed using IBM
SPSS for Windows (Chicago, Illinois, Version 21). For food
reward measures, mean scores for high fat and low fat
categories were computed for implicit wanting and explicit
liking outcomes. Mean low fat scores were then subtracted
from themean for high fat scores to provide a composite score
representing reward value for high fat relative to low fat food
for both liking and wanting. Using this approach, a positive
score indicated greater liking or wanting for high fat foods
over low fat foods; a negative score indicated greater liking or
wanting for low fat foods over high fat foods; and a score of
zero indicated an equal liking or wanting for high and low fat
foods. Scores on each food reward outcome were calculated
at baseline, week six, and postintervention and analysed using
one-way repeated measures ANOVAs.
Changes in body composition, metabolic-related hor-
mones, and total daily energy intake were examined using
one-way repeated measures ANOVAs. Where appropriate,
Greenhouse-Geisser probability levels were used to adjust
for sphericity, and Bonferroni adjustments were applied to
control for multiple post hoc comparisons. To test for asso-
ciations between physiological variables and food reward,
Pearson partial correlation coefficients were used, controlling
for sex. Firstly, cross-sectional models were examined using
mean scores on each variable collapsed across the three time
points of the exercise intervention (i.e., baseline, week six, and
postintervention). Secondly, associations between changes in
physiological variables and changes in explicit liking and
implicit wanting following the exercise intervention were
performed. Change variables were calculated by subtracting
baseline scores from postintervention scores. To control
for confounding effects of body composition, metabolic
hormones were tested both with and without adjustment for
adiposity by dividing by percentage body fat.
3. Results
3.1. Changes in Body Composition and Metabolism following
the Exercise Intervention. As can be seen in Table 1, there
was a significant reduction in body mass (−1.72 ± 0.41 kg;
𝑃 < 0.001), fat mass (−2.23 ± 0.38 kg; 𝑃 < 0.001), and
percentage body fat (−1.90 ± 0.22%; 𝑃 < 0.001) following
the exercise intervention, while fat-free mass was preserved
at baseline levels (+0.52 ± 0.17 kg; 𝑃 = 0.081). Furthermore,
FMI decreased (−0.76 ± 0.14 kg/m2; 𝑃 < 0.001) and FFMI
increased significantly (0.17 ± 0.62 kg/m2; 𝑃 < 0.01). VO
2peak
increased from 33.33 ± 1.17mL.kg.min−1 at baseline to
39.16 ± 0.09mL.kg.min−1 after intervention (𝑃 < 0.001).
There were no significant changes in fasting glucose (−0.20 ±
0.25mmol.L−1; 𝑃 = 0.415) or fasting insulin (−42.98 ±
82.94 ng.L−1; 𝑃 = 0.230) following the exercise intervention.
However, fasting leptin decreased significantly following the
exercise intervention (−6215.93±3076.37 ng.L−1; 𝑃 = 0.023).
3.2. Changes in Food Intake and Food Reward following the
Exercise Intervention. Table 2 shows that total daily energy
intake, explicit liking, and implicit wanting for high fat food
did not differ significantly between baseline and week 6 or
baseline and postintervention. There was a nonsignificant
trend for implicit wanting to shift from a small bias for high
fat food at baseline, towards a bias for low fat food following
the intervention (𝑃 = 0.114).
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Table 1: Body composition and metabolic values during the 12-week exercise intervention (𝑛 = 46).
Baseline Week six Postintervention Delta Δ 𝑃 value
Body mass (kg) 88.21 (2.04) 87.39 (2.00) 86.49 (2.04) −1.72 (0.41) 0.000∗
Fat mass (kg) 35.71 (1.34) 34.48 (1.35) 33.49 (1.43) −2.23 (0.38) 0.000∗
Fat mass index (kg/m2) 12.61 (0.52) 12.17 (0.53) 11.85 (0.56) −0.76 (0.14) 0.000∗
Body fat (%) 40.33 (1.13) 39.24 (1.16) 38.43 (1.22) −1.90 (0.32) 0.000∗
Fat-free mass (kg) 52.48 (1.43) 52.91 (1.41) 53.00 (1.39) 0.52 (0.17) 0.081
Fat-free mass index (kg/m2) 18.25 (0.31) 18.40 (0.30) 18.41 (0.30) 0.17 (0.62) 0.009∗
VO2peak (mL⋅kg
−1
⋅min−1) 33.33 (1.17) 37.45 (1.08) 39.16 (0.09) 5.83 (0.95) 0.000∗
Fasting glucose (mmol⋅L−1) 4.93 (0.15) 4.88 (0.17) 4.73 (0.19) −0.20 (0.25) 0.415
Fasting insulin (ng⋅L−1) 1034.32 (106.24) 918.77 (105.33) 991.34 (113.24) −42.98 (82.94) 0.230
HOMA index 3.18 (0.31) 2.92 (0.31) 3.02 (0.33) −0.16 (0.25) 0.554
Fasting leptin (ng⋅L−1) 38318.80 (4832.26) 369923.92 (4612.41) 32102.87 (5333.58) −6215.93 (3076.37) 0.023∗
Delta Δ: baseline to postintervention change. VO2peak: maximal aerobic capacity. HOMA: homeostatic model of assessment.
∗Significant difference between
baseline and postintervention (𝑃 < 0.05).
3.3. Physiological Correlates of Food Reward: Cross-Sectional
Associations. As can be seen in Table 3, liking for high fat
food was positively associated with body mass (𝑃 = 0.008)
and fat mass (𝑃 = 0.022) and marginally associated with fat-
free mass (𝑃 = 0.046). However, there were no significant
associations between these components of body composition
when adjusted for height (i.e., FMI or FFMI). Wanting for
high fat foods was also positively associated with body mass
(𝑃 = 0.004), fat mass (𝑃 = 0.005), and FMI (𝑃 = 0.018), but
not fat-free mass (𝑃 = 0.129) or FFMI (𝑃 = 0.161). Of the
metabolic hormones, fasting leptin was positively associated
with both greater liking (𝑃 = 0.023) and wanting (𝑃 =
0.021) responses. Moreover, these relationships remained
after adjusted fasting leptin values for percentage body fat
(liking, 𝑃 = 0.043; wanting, 𝑃 = 0.041), suggesting they were
independent of adiposity.
3.4. Physiological Correlates of Food Reward: Exercise-Induced
Changes. No associations existed between changes in food
reward and changes in body composition following the
intervention (Table 3). Furthermore, no associations existed
between the changes in food reward and the changes in
fasting glucose, insulin, HOMA index, or VO
2peak. However,
the change in fasting leptin (absolute or adjusted leptin)
was found to be negatively associated with the change in
liking for high fat foods following the exercise intervention
(𝑃 = 0.018 and 𝑃 = 0.031, resp.). As can been seen in
Figure 1, a decline in fasting leptin following the exercise
intervention was associated with increased liking for high
fat food. No associations were found between the change in
implicit wanting for high fat foods and the change in fasting
leptin (absolute or adjusted leptin).
4. Discussion
This study examined whether components of body compo-
sition and metabolic-related hormones were associated with
food reward in overweight and obese individuals during 12
weeks of aerobic exercise. Cross-sectional analyses disclosed
associations between body composition (fatmass and fat-free
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Figure 1: Scatter plot illustrating the relationship between the
change in fasting leptin (adjusted for percentage body fat) following
the exercise intervention and the change in appeal bias scores for
liking for high fat foods (𝑛 = 32). Positive appeal bias = preference
for high fat foods > low fat foods. Negative appeal bias score =
preference for low fat foods > high fat foods.
mass), fasting leptin, and food reward. Furthermore, a novel
relationship was also disclosed between the change in fasting
leptin and the change in explicit liking for high fat foods
following the exercise intervention. Specifically, a decline in
fasting leptin was associated with an increased liking for high
fat foods relative to low fat foods following the intervention.
This relationship was independent of changes in fat mass and
suggests that leptin may have a key role in mediating changes
in food reward during exercise-induced weight loss.
4.1. The Effect of Exercise on Body Composition, Metabolism,
and FoodReward. The12-week exercise intervention resulted
in significant (but modest) reductions in bodymass, fat mass,
and percentage body fat, while fat-free mass was preserved
at baseline levels. In addition, significant improvements in
VO
2peak were seen following the exercise intervention. When
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Table 2: Changes in food intake, explicit liking, and implicit wanting for high fat versus low fat foods during the 12-week exercise intervention
(𝑛 = 46).
Baseline Week six Postintervention Delta Δ 𝑃 value
Total daily EI (kcal⋅day−1) 2949.29 (79.15) 2877.24 (92.77) 2892.81 (88.11) −56.48 (60.15) 0.438
Explicit liking (appeal bias score) −0.20 (2.25) −1.08 (2.16) −0.85 (2.02) −0.65 ( 1.72) 0.919
Implicit wanting (appeal bias score) 1.10 (4.18) −2.56 (4.47) −3.17 (3.98) −4.27 (2.58) 0.114
EI: energy intake; Delta Δ: baseline to postintervention change. Positive appeal bias score = preference for high fat foods > low fat foods. Negative appeal bias
score = preference for low foods > high fat foods.
Table 3: Pearson partial correlation coefficients (controlling for sex) between food reward and the cross-sectional and exercise-induced
changes in body composition and fasting metabolic-related hormones.
Body composition and VO2peak Metabolic hormones
Liking Wanting Liking Wanting
BM 0.393∗∗ 0.417∗∗ Glucose 0.019 0.060
ΔBM −0.251 0.116 ΔGlucose −0.014 0.077
FM 0.341∗ 0.414∗∗ Adjusted Glucose −0.267 −0.336
ΔFM −0.196 0.004 ΔAdjusted Glucose −0.039 0.061
FMI 0.265 0.351∗ Insulin −0.236 0.311
ΔFMI −0.223 −0.016 ΔInsulin −0.206 −0.216
BF% 0.212 0.324∗ Adjusted Insulin 0.155 0.194
ΔBF% −0.210 −0.101 ΔAdjusted Insulin −0.213 −0.178
FFM 0.295∗ 0.230 Leptin 0.358∗ 0.401∗
ΔFFM −0.138 0.265 ΔLeptin −0.437∗ −0.110
FFMI 0.213 0.184 Adjusted Leptin 0.373∗ 0.370∗
ΔFFMI −0.121 −0.094 ΔAdjusted Leptin −0.378∗ −0.159
VO2peak −0.224 −0.231 HOMA 0.213 0.008
ΔVO2peak −0.178 −0.179 ΔHOMA −0.123 −0.151
Adjusted HOMA 0.090 0.139
ΔAdjusted HOMA −0.124 −0.152
VO2peak: maximal aerobic capacity; FM: fat mass; FMI: fat mass index; FFM: fat-free mass; FFMI: fat-free mass index; %BF: percentage body fat; HOMA:
homeostatic model of assessment. Delta Δ: baseline to postintervention change.∗𝑃 < 0.05; ∗∗𝑃 < 0.01. Of note: the metabolic-related hormones have been
adjusted for percentage fat mass. Cross-sectional models represent the mean scores on each variable collapsed across baseline, week six, and postintervention.
the changes in food intake and reward were examined, no
mean changes in total daily energy intake, explicit liking,
or implicit wanting were found. However, it has become
clear that examination of the mean (group) response to
exercise masked marked heterogeneity in eating behaviour
and exercise-induced weight loss following acute [24] and
chronic exercise [25–28]. Previous studies have suggested
that exercise-induced changes in food reward may mediate
compensatory eating behaviour and in turn body weight reg-
ulation following exercise [10–12]. However, the physiological
correlates of food reward during exercise-inducedweight loss
have not previously been examined.
4.2. Body Composition and Food Reward. Recent evidence
has demonstrated the importance of distinguishing explicit
perceptions of liking frombehavioural operations of wanting,
with these components of food reward considered to be
separable risk factors in overconsumption andweight gain [5,
6]. During the present study, fat mass and fat-free mass were
associated with explicit liking for high fat foods. However,
implicit wanting was only associated with fat mass cross-
sectionally (i.e., when the baseline, week six, and postin-
tervention measures were combined). These data therefore
suggest that fat mass may predict food reward (particularly
food wanting) independently of fat-free mass. These findings
are consistent with recent observations that fat mass and fat-
free mass operated differentially in the control of appetite,
with separate roles for fat-free mass in satiation [29] and
hunger [19, 30] and fatmass in hedonic eating behaviour traits
[31] and neural activation to high energy foods[32]. However,
these findings are so far limited to obese individuals and need
to be confirmed in a range of different populations, that is,
lean versus obese and active versus inactive.
4.3. Leptin and Food Reward. It has been suggested that
obese individuals display a loss of hedonic control over
eating when exposed to highly palatable foods compared
to lean individuals [33]. This increase in the susceptibility
to overconsumption in obese individuals may be related to
increased leptin and insulin resistance (resulting from the
6 International Journal of Endocrinology
excessive accumulation of adipose tissue), which may reduce
the sensitivity of short-term appetite control [34, 35]. In
the present study, cross-sectional associations were found
between explicit liking and implicit wanting for high fat
foods relative to low fat foods and fasting leptin, but not
fasting glucose, insulin, HOMA, or VO
2peak. These findings
are supported byRaynaud and colleagues [36], who examined
the relationships between body composition, serum leptin,
insulin, and self-reported palatability of a high CHO break-
fast in a sample of predominantly obese adults. A positive
relationship was noted between serum leptin and palatability,
but not insulin and palatability, and this association remained
after controlling for BMI or fat mass. In the present study, the
cross-sectional associations indicated that a greater implicit
wanting for high fat foods was associated with greater ad
libitum food intake, suggesting that differences in food
reward are expressed behaviourally through differences in
food intake (data not reported). However, it should be noted
that as the test meal design employed in the present study
incorporated both fixed-energy and ad libitum meals, the
measures of daily energy intake in the present study do not
reflect “true” ad libitum daily intake.
Interestingly, the present study also disclosed a novel
relationship between the changes in fasting leptin and explicit
liking for high fat foods following the exercise intervention,
with a decline in fasting leptin associated with an increase
in liking for high fat foods relative to low fat foods. This
relationship is consistent with the proposed role of leptin
in food reward, in which leptin is thought to tonically
inhibit brain reward pathways [34]. It is hypothesised that
a reduction in leptin would act to increase the sensitivity of
reward brain circuitry, potentially increasing the motivation
to consume highly palatable energy dense foods via its
action on dopamine reuptake transporters [37]. Furthermore,
leptin’s role as an adiposity signal is well established [34],
with a decline in leptin thought to stimulate increased
hunger and, in turn, food intake, via a downregulation in
the hypothalamic expression of anorexigenic neuropeptides,
such as proopiomelanocortin and alpha-melanocyte stimu-
lating hormone, and an upregulation in the expression of
orexigenic neuropeptides, such as neuropeptide Y and agouti
gene-related peptide [38, 39]. Importantly, the present data
suggest that a decline in leptin may also promote a greater
perceived liking for high fat foods, thereby helping to further
promote increased food intake and the restoration of energy
homeostasis.
The present findings are in keeping with the idea that
leptin is primarily a “starvation” signal rather than a “satiety”
signal [40]. While a decline in leptin is thought to promote
increases in hunger and food intake [39], an increase in fat
mass and leptin does not appear to exert a proportional
downregulation in eating [40]. As such, it could be argued
that the inhibitory action of fatmass (and associated adiposity
signals) on food intake is actually weaker at higher levels of fat
mass, and this asymmetry may reflect increased “leptin resis-
tance” with obesity. Indeed, leptin resistance may account
for the positive (cross-sectional) correlations between fasting
leptin and food reward seen in the present study. How-
ever, a decline in leptin (independent of fat mass) during
the exercise intervention was also found to be associated
with increased explicit liking for high fat foods. While
these findings may initially appear contradictory, it has been
argued that it is the fall in circulating leptin below a critical
(and individualised) threshold level that triggers corrective
hypothalamic responses to restore energy homeostasis [41–
43]. Theoretically, increased leptin sensitivity resulting from
the exercise intervention could have made individuals more
sensitive to perturbations in peripheral leptin concentrations,
with a decline in leptin perceived by the brain in some
individuals as a state of relative leptin deficiency despite an
actual surplus of stored energy, that is, fat mass [41–43].
However, clearly this can only be speculated, upon and the
precise role of leptin and leptin resistance in food reward
remains an important area for future research.
It has previously been reported that the change in leptin
(independent of fat mass) during weight loss was negatively
associated with the changes in subjective appetite [44].These
observations were made in the context of a 12-week weight
loss program in which subjects lost an average of 7 kg fat
mass (through diet and exercise). The present intervention
on the other hand resulted in a relatively modest 2.2 kg
loss of fat mass. Therefore, the subtle effects of the exercise
intervention on food reward are perhaps unsurprising. It
should be noted that a role for leptin in the hedonic control
of food intake during exercise-induced weight loss is a novel
hypothesis, and, as such, further work is needed to examine
the physiological correlates of food reward in more targeted
research. Nevertheless, these findings are consistent with
other recent observations that some individuals experience
a greater than expected decline in resting metabolic rate
following exercise-induced weight loss, and this compen-
satory downregulation in resting metabolic rate was again
associated with a decline in fasting leptin (independent of
fat mass). Importantly, those individuals who experienced
a compensatory downregulation in resting metabolic rate
also experienced a concomitant upregulation in food intake
during exercise-induced weight loss [45].
The present study has some limitations that deserve com-
ment. When interpreting the findings of the present study,
it is important to note that a nonexercise control condition
was not included. However, the observed improvements in
body composition, VO
2peak are unlikely to have occurred
independent of the exercise intervention. Furthermore, due
to the need to measure body composition and metabolism
at standardised time points during the exercise intervention,
no control was made for menstrual cycle phase in female
participants.Thismay have contributed to the variability seen
in food reward, as studies have shown that eating behaviour
and food reward are influenced by the phases of themenstrual
cycle [46, 47].
5. Conclusion
Through the concurrent measurement of physiological and
behavioural components of energy balance, this study has
disclosed novel relationships between food reward, body
composition, and metabolic-related hormones in overweight
International Journal of Endocrinology 7
and obese individuals. Cross-sectional relationships were
found between measures of explicit liking and both fat mass
and fat-free mass. However, only fat mass was found to
be associated with implicit wanting, suggesting that aspects
of body composition may differentially affect the separate
components of food reward. Independent of adiposity, a
positive relationship between fasting leptin and liking and
wanting for high fat food was demonstrated. Furthermore, a
decline in fasting leptin following the exercise intervention
was found to be associated with an increase in liking for high
fat relative to low fat foods. Taken together, these findings
suggest a dynamic role for fasting leptin as a regulatory signal
of food reward during exercise-induced weight loss.
Conflict of Interests
The authors declare that there is no conflict of interests.
Acknowledgments
This research was supported by BBSRC Grant nos. BBS/
B/05079 and BB/G005524/1 (DRINC), EU FP7 Full4Health
(#266408), Uppsala University and the Stockholm County
Council (ALF).
References
[1] M.W. Schwartz, S. C. Woods, D. Porte Jr., R. J. Seeley, and D. G.
Baskin, “Central nervous system control of food intake,”Nature,
vol. 404, no. 6778, pp. 661–671, 2000.
[2] J. C. G. Halford and J. E. Blundell, “Separate systems for
serotonin and leptin in appetite control,” Annals of Medicine,
vol. 32, no. 3, pp. 222–232, 2000.
[3] J. E. Blundell and A. Gillett, “Control of food intake in the
obese,” Obesity Research, vol. 9, pp. 263S–270S, 2001.
[4] H.-R. Berthoud, “Homeostatic and non-homeostatic pathways
involved in the control of food intake and energy balance,”
Obesity, vol. 14, pp. 197S–200S, 2006.
[5] K. C. Berridge, “Food reward: brain substrates of wanting and
liking,” Neuroscience and Biobehavioral Reviews, vol. 20, no. 1,
pp. 1–25, 1996.
[6] G. Finlayson, N. King, and J. E. Blundell, “Liking vs. wanting
food: importance for human appetite control and weight reg-
ulation,” Neuroscience and Biobehavioral Reviews, vol. 31, no. 7,
pp. 987–1002, 2007.
[7] G. Finlayson, N. King, and J. Blundell, “The role of implicit
wanting in relation to explicit liking and wanting for food:
implications for appetite control,” Appetite, vol. 50, no. 1, pp.
120–127, 2008.
[8] I. M. T. Nijs, P. Muris, A. S. Euser, and I. H. A. Franken,
“Differences in attention to food and food intake between
overweight/obese and normal-weight females under conditions
of hunger and satiety,”Appetite, vol. 54, no. 2, pp. 243–254, 2010.
[9] C. A. Davis, R. D. Levitan, C. Reid et al., “Dopamine for wanting
and opioids for liking: a comparison of obese adults with and
without binge eating,”Obesity, vol. 17, no. 6, pp. 1220–1225, 2009.
[10] G. Finlayson, E. Bryant, J. E. Blundell, and N. A. King, “Acute
compensatory eating following exercise is associated with
implicit hedonic wanting for food,” Physiology and Behavior,
vol. 97, no. 1, pp. 62–67, 2009.
[11] G. Finlayson, P. Caudwell, C. Gibbons, M. Hopkins, N. King,
and J. Blundell, “Low fat loss response after medium-term
supervised exercise in obese is associated with exercise-induced
increase in food reward,” Journal of Obesity, vol. 2011, Article ID
615624, 8 pages, 2011.
[12] M.-A. Cornier, E. L.Melanson, A. K. Salzberg, J. L. Bechtell, and
J. R. Tregellas, “The effects of exercise on the neuronal response
to food cues,” Physiology and Behavior, vol. 105, no. 4, pp. 1028–
1034, 2012.
[13] J. E. Blundell, “The control of appetite: basic concepts and prac-
tical implications,” Schweizerische Medizinische Wochenschrift,
vol. 129, no. 5, pp. 182–188, 1999.
[14] A. J. Stunkard and S.Messick, “The three-factor eating question-
naire to measure dietary restraint, disinhibition and hunger,”
Journal of Psychosomatic Research, vol. 29, no. 1, pp. 71–83, 1985.
[15] M. Lowe and J. Thomas, “Measures of restrained eating:
conceptual evolution and psychometric update,” in Handbook
of Assessment Methods for Obesity and Eating Behaviours, D.
Allison and M. Baskin, Eds., pp. 137–185, Sage, New York, NY,
USA, 2009.
[16] F. Pe´ronnet and D. Massicotte, “Table of nonprotein respiratory
quotient: an update,” Canadian Journal of Sport Sciences, vol. 16,
no. 1, pp. 23–29, 1991.
[17] J. Achten and A. E. Jeukendrup, “Maximal Fat Oxidation
during Exercise in TrainedMen,” International Journal of Sports
Medicine, vol. 24, no. 8, pp. 603–608, 2003.
[18] D. R. Matthews, J. P. Hosker, and A. S. Rudenski, “Homeostasis
model assessment: insulin resistance and 𝛽-cell function from
fasting plasma glucose and insulin concentrations in man,”
Diabetologia, vol. 28, no. 7, pp. 412–419, 1985.
[19] P. Caudwell, G. Finlayson, C. Gibbons et al., “Resting metabolic
rate is associated with hunger, self-determined meal size, and
daily energy intake and may represent a marker for appetite
American,” Journal of Clinical Nutrition, vol. 97, pp. 7–14, 2013.
[20] M. Dalton, J. Blundell, and G. S. Finlayson, “Examination of
food reward and energy intake under laboratory and free-living
conditions in a trait binge eating subtype of obesity,” Frontiers in
Psychology, vol. 4, article 757, 2013.
[21] G. Finlayson, N. King, and J. E. Blundell, “Is it possible to
dissociate “liking” and “wanting” for foods in humans? A novel
experimental procedure,” Physiology and Behavior, vol. 90, no.
1, pp. 36–42, 2007.
[22] S. Griffioen-Roose, M. Mars, E. Siebelink, G. Finlayson, D.
Tome´, and C. de Graaf, “Protein status elicits compensatory
changes in food intake and food preferences,” The American
Journal of Clinical Nutrition, vol. 95, no. 1, pp. 32–38, 2012.
[23] S. A. French, N. R. Mitchell, G. Finlayson, J. E. Blundell,
and R. W. Jeffery, “Questionnaire and laboratory measures of
eating behavior. Associations with energy intake and BMI in a
community sample of working adults,”Appetite, vol. 72, pp. 50–
58, 2013.
[24] M. Hopkins, J. E. Blundell, and N. A. King, “Individual
variability in compensatory eating following acute exercise
in overweight and obese women,” British Journal of Sports
Medicine, 2013.
[25] N. A. King, M. Hopkins, P. Caudwell, R. J. Stubbs, and J. E.
Blundell, “Individual variability following 12 weeks of super-
vised exercise: identification and characterization of compen-
sation for exercise-induced weight loss,” International Journal
of Obesity, vol. 32, no. 1, pp. 177–184, 2008.
[26] N. D. Barwell, D. Malkova, M. Leggate, and J. M. R. Gill, “Indi-
vidual responsiveness to exercise-induced fat loss is associated
8 International Journal of Endocrinology
with change in resting substrate utilization,”Metabolism, vol. 58,
no. 9, pp. 1320–1328, 2009.
[27] T. S. Church, C. K.Martin, A.M.Thompson, C. P. Earnest, C. R.
Mikus, and S. N. Blair, “Changes in weight, waist circumference
and compensatory responses with different doses of exercise
among sedentary, overweight postmenopausal women,” PLoS
ONE, vol. 4, no. 2, Article ID e4515, 2009.
[28] M. Rosenkilde, P. Auerbach, M. H. Reichkendler, T. Ploug, B.
M. Stallknecht, and A. Sj𝑖din, “Body fat loss and compensatory
mechanisms in response to different doses of aerobic exercise—
a randomized controlled trial in overweight sedentary males,”
American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology, vol. 303, pp. R571–R579, 2012.
[29] J. E. Blundell, P. Caudwell, C. Gibbons et al., “Body composition
and appetite: fat-freemass (but not fatmass or BMI) is positively
associated with self-determined meal size and daily energy
intake in humans,” British Journal of Nutrition, vol. 107, no. 3,
pp. 445–449, 2012.
[30] C. M. Weise, M. G. Hohenadel, J. Krakoff, and S. B. Votruba,
“Body composition and energy expenditure predict ad-libitum
food and macronutrient intake in humans,” International Jour-
nal of Obesity, 2013.
[31] B. V. O’Neill, E. T. Bullmore, S. Miller et al., “The relationship
between fat mass, eating behaviour and obesity-related psycho-
logical traits in overweight and obese individuals,”Appetite, vol.
59, no. 3, pp. 656–661, 2012.
[32] S. Luo, A. Romero, T. C. Adam, H. H. Hu, J. Monterosso, and K.
A. Page, “Abdominal fat is associatedwith a greater brain reward
response to high calorie food cues in hispanic women,”Obesity,
vol. 21, pp. 2029–22036, 2013.
[33] L. H. Epstein, J. L. Temple, B. J. Neaderhiser, R. J. Salis, R. W.
Erbe, and J. J. Leddy, “Food reinforcement, the dopamine D2
receptor genotype, and energy intake in obese and nonobese
humans,” Behavioral Neuroscience, vol. 121, no. 5, pp. 877–886,
2007.
[34] G. J. Morton, D. E. Cummings, D. G. Baskin, G. S. Barsh, and
M.W. Schwartz, “Central nervous system control of food intake
and body weight,”Nature, vol. 443, no. 7109, pp. 289–295, 2006.
[35] A. Flint, N. T. Gregersen, L. L. Gluud et al., “Associations
between postprandial insulin and blood glucose responses,
appetite sensations and energy intake in normal weight and
overweight individuals: a meta-analysis of test meal studies,”
British Journal of Nutrition, vol. 98, no. 1, pp. 17–25, 2007.
[36] E. Raynaud, J.-F. Brun, A. Perez-Martin et al., “Serum leptin
is associated with the perception of palatability during a
standardized high-carbohydrate breakfast test,”Clinical Science,
vol. 96, no. 4, pp. 343–348, 1999.
[37] S. Fulton, B. Woodside, and P. Shizgal, “Modulation of brain
reward circuitry by leptin,” Science, vol. 287, no. 5450, pp. 125–
128, 2000.
[38] N. R. Lenard and H.-R. Berthoud, “Central and peripheral
regulation of food intake and physical activity: pathways and
genes,” Obesity, vol. 16, no. 3, pp. S11–S22, 2008.
[39] A. Sainsbury and L. Zhang, “Role of the arcuate nucleus of
the hypothalamus in regulation of body weight during energy
deficit,”Molecular andCellular Endocrinology, vol. 316, no. 2, pp.
109–119, 2010.
[40] J. L. Chan, K. Heist, A. M. DePaoli, J. D. Veldhuis, and C. S.
Mantzoros, “The role of falling leptin levels in the neuroen-
docrine and metabolic adaptation to short-term starvation in
healthy men,” Journal of Clinical Investigation, vol. 111, no. 9, pp.
1409–1421, 2003.
[41] R. L. Leibel, “The role of leptin in the control of body weight,”
Nutrition Reviews, vol. 60, no. 10, pp. S15–S19, 2002.
[42] M. Rosenbaum, H. R. Kissileff, L. E. S. Mayer, J. Hirsch, and
R. L. Leibel, “Energy intake in weight-reduced humans,” Brain
Research, vol. 1350, pp. 95–102, 2010.
[43] H. R. Kissileff, J. C.Thornton,M. I. Torres et al., “Leptin reverses
declines in satiation in weight-reduced obese humans,” The
American Journal of Clinical Nutrition, vol. 95, no. 2, pp. 309–
317, 2012.
[44] N. L. Keim, J. S. Stern, and P. J. Havel, “Relation between circu-
lating leptin concentrations and appetite during a prolonged,
moderate energy deficit in women,” The American Journal of
Clinical Nutrition, vol. 68, no. 4, pp. 794–801, 1998.
[45] M. Hopkins, C. Gibbons, P. Caudwell et al., “The adaptive
metabolic response to exercise-induced weight loss influences
both energy expenditure and energy intake,” European Journal
of Clinical Nutrition, 2013.
[46] J.McNeil and E´. Doucet, “Possible factors for altered energy bal-
ance across the menstrual cycle: a closer look at the severity of
PMS, reward driven behaviors and leptin variations,” European
Journal of Obstetrics Gynecology and Reproductive Biology, vol.
163, no. 1, pp. 5–10, 2012.
[47] J. McNeil, J. D. Cameron, G. Finlayson, and J. E. Blundell,
“Greater overall olfactory performance, explicit wanting for
high fat foods and lipid intake during the mid-luteal phase of
the menstrual cycle,” Physiology and Behavior, vol. 112-113, pp.
84–89, 2013.
Submit your manuscripts at
http://www.hindawi.com
Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
MEDIATORS
INFLAMMATION
of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Behavioural 
Neurology
Endocrinology
International Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Disease Markers
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
BioMed 
Research International
Oncology
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Oxidative Medicine and 
Cellular Longevity
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
PPAR Research
The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014
Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Journal of
Obesity
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
 Computational and  
Mathematical Methods 
in Medicine
Ophthalmology
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Diabetes Research
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Research and Treatment
AIDS
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Gastroenterology 
Research and Practice
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Parkinson’s 
Disease
Evidence-Based 
Complementary and 
Alternative Medicine
Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com
